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Systolic flow limitation in stenotic 
lower-extremity vein grafts 
George Papanicolaou, MD, ~ Kirk W. Beach, PhD, MD, R. Eugene Zierler, MD, and 
D. Eugene Strandness, Jr., MD, Seattle, Wash. 
Purpose: Our purpose was to investigate he hemodynamic theory that the blood flow rate 
through astenotic arterial graft is limited by the onset of turbulence, which acts as a barrier 
at peak systole against further increases in systolic flow. 
Methods: We used duplex ultrasonography to examine 25 stenotic infrainguinal vein grafts. 
Theory predicts that the flow limitation occurs at peak systole at a stenotic velocity greater 
than 250 cm/sec, which corresponds to a residual stenotic lumenal diameter of 0.36 cm 
(Reynolds No. 2000). These numbers are based on the assumption that the 68 ml/min 
blood flow is supplied by the femoropopliteal graft to the resting lower leg only during 
systole. When the lumen is smaller than 0.36 cm, peak systolic velocity (PSV) must exceed 
250 cm/sec. The increased velocity results in poststenotic turbulence. This turbulent 
condition restricts the averaged graft systolic flow to less than the 68 ml/min required by 
the lower leg, so diastolic flow is needed to make up the deficit. 
Results: Twenty vein grafts with PSVs of 250 cm/sec or greater had end-diastolic velocities 
of 50 cm/sec or greater as predicted; three grafts with PSVs of 256 to 300 cm/sec and two 
grafts with PSVs of less than 250 cm/sec had no forward diastolic flow (p = 0.03). None 
of 10 normal grafts had forward diastolic flow. 
Conclusion: The onset of turbulence in a stenotic vein graft supplying the lower leg occurs 
at a PSV of 250 cm/sec or greater. The appearance ofdiastolic flow maintains the average 
graft volume flow. (J VASC SURG 1996;23:394-400.) 
Loss of  flow reversal in late systole and significant 
forward flow during diastole in Doppler signals from 
the arterial pathways upplying the lower extremity 
are used as criteria for detecting stenoses with clinical 
or hemodynamic "significance. ''~,2 The presence of 
forward flow during diastole is usually explained by 
stating that diastolic forward flow results from a 
lowering in the peripheral arterial resistance. This 
explanation is undoubtedly correct. This article 
explores a simple complementary hemodynamic 
theory that suggests that diastolic flow in a vein graft 
supplying the resting lower leg occurs when there is 
inadequate systolic arterial supply and, further, the 
systolic arterial supply becomes inadequate when the 
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Reynolds number 3 at peak systole exceeds a critical 
value. 
The Reynolds number is calculated from the 
mean flow velocity multiplied by the diameter of the 
vessel and divided by the kinematic viscosity 
(viscosity/density,). The numerator epresents the 
inertia forces and the denominator represents the 
viscous forces. So this dimensionless ratio physically 
represents he ratio of the inertia/viscous forces. The 
numerator will be large when flow is rapid and small 
when flow is slow. Experimental evidence has shown 
that the higher the Reynolds number the more likely 
it is fbr the flow to be turbulent, because inertial 
forces increase and predominate over viscous forces. 
In pulsatile arterial flow the Reynolds number varies 
as the velocity of flow changes, with the highest 
Reynolds number at peak systole. 
In this report we do not intend to address pecific 
issues of pulsatile flow but merely to suggest a 
limiting mechanism for systolic arterial flow at the 
site of a vein graft stenosis. 
MATERIAL  AND METHODS 
Theory. Reynolds 3 resolved the disparity be- 
tween the quadratic relationship of pressure gradient 
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and the flow of Darcy 4 and the linear relationship of 
Poiseuille. s 
The relations bepxeen the resistance (in this context, "resis- 
tance" refers to pressure gradient rather than the current definition 
[pressure drop]/[flow rate]) encountered by, and the velocity, of 
water moving through, atube present themselves mostly in one or 
the other of two simple forms. The resistance is generally 
proportional to the square of the velocity., and when this is not the 
case it takes a simpler form and is proportional to the velocity. 
Osborne Reynolds a 
Reynolds noted that the linear relationship be- 
tween pressure gradient along a tube and the rate of  
volume flow reported by Poiseuille s was verified in 
small-diameter tubes with low flow rates; the rela- 
tionship between pressure gradient and the square of 
the flow rate reported by Darcy 4 occurred in large- 
diameter tubes with high flow rates. Reynolds "~ found 
a transition point between the two types of flow, 
below which the pressure gradient was generally 
small and above which the pressure gradient suddenly 
increased in a discontinuous manner and then 
continued to increase sharply as the flow rate 
increased (Fig. 1). Perfbrming a landmark series of 
experiments in a glass tube with a streak of dye, 
Reynolds fbund that the sudden transition in pres- 
sure gradient was accompanied by a breakup of the 
streak of dye followed by mixing of the dye with the 
surrounding fluid. 
Again, the internal motion of water assumes one or the other 
of two broadly distinguishable forms: either the clcmcqts of the 
flow fbllow one another along lines of motion which lead in the 
most direct manner to their destination, or they eddy about in 
sinuous paths the most indirect possible. 
9 . . This may be shown by adding a few streaks of highly coloured 
water to the clear moving water. Then although the coloured 
streaks may at first be irregular, they will, if there are no eddies, 
soon be drawn out into even colour bands; whereas if there are 
eddies they will be curled and whirled about in the manner so 
familiar with smoke. 
Osborne Rew~olds 3 
Reynolds went on to define a dimensionless 
number to describe the flow that could be used to 
predict he transition from laminar flow to turbulent 
flow. In straight tubes with steady flow, the Reynolds 
number (Re) is: 
V-D 4 .Q  
Rc - - -  K -w 'D 'K  
where V is the mean velocity, D is the diameter of the 
tube, K is kinematic viscosity (viscosity/density), Q is 
the volumetric flow rate (Q = V"rrD2/4), and 
"rr = 3.14159. By experiment, he determined that for 
Reynolds numbers less than 2000, laminar flow was 
stable; for Reynolds numbers greater than 2000, 
p, 
Pressure 
Grad ient  
/ 
Pc-  
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F low Rate  
Fig. 1. Pressure gradient, flow rate, and Reynolds num- 
ber (Re). Pressure gradient P' = dP/dL = 4 >Q/1vR 4, 
where dP/dL is pressure gradient along robe, > is viscosity 
of blood, Q is volumetric flow rate, "rr = 3.14159, and R 
is tube radius. Laminar flow curve is Poiseuille's Law. 
Shape of turbulent flow curve depends on robe radius, 
roughness of wall, and fluid densi D, and viscosity. (P'c, 
Critical aminar flow pressure gradient; P't, turbulent-onset 
pressure gradient.) (Redrawn from Bird et al. 17 and 
MoodylS.) 
laminar flow was possible; however, once perturbed 
the flow would become turbulent with the associated 
dramatic increase in pressure gradient, and this 
turbulence would persist. Thus below a critical 
pressure gradient (P'c in Fig. 1), the flow rate is 
proportional to the driving pressure gradient (Poi- 
seuille law). Above the critical pressure gradient, the 
flow rate may increase, but if it is perturbed it will not 
increase in a predictable way until the pressure 
gradient exceeds a turbulence threshold (P't in Fig. 
1). Applying this method to blood flowing through 
rigid tubes 0.25 to 0.68 cm in diameter, Coulter and 
Pappenheimer 6 found the critical Reynolds number 
to be approximately 2000, showing that blood in this 
respect has properties of a homogeneous fluid. This 
"turbulence barrier" can occur at the flow rates and 
diameters that are fbtmd in lower extremity vein graft 
stenoses. 
The average blood flow rate measured in stenotic 
grafts in our study was 68 ml/min (CVIQ duplex 
scanner; Philips Medical Systems Inc., Shelton, 
Conn.), which is about half of the mean blood flow 
for the lower leg. r-9 This flow rate corresponds to a 
value of 1.13 (68/60) ml/sec averaged over the entire 
cardiac ycle. This can be provided with a greater than 
0.2 cm diameter graft at a peak systolic velocity 
(PSV) of 72 cm/sec n (flow = area • mean velociw 
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or 3.14156 x 0.12cm 2 • 36 cm/sec = 1.13 ml/sec, 
if we assume that the velocity profile is parabolic, 
where V . . . .  = PSV/2). At physiologic pulse rates, 
systolic arterial flow lasts for 20% (or one fifth) of 
the cardiac cycle (Fig. 2). In the resting leg there 
is no forward flow during diastole, so the mean 
systolic arterial flow to the lower leg must be 5.65 
ml/sec (1.13 • 5) to make the time-averaged flow 
over the cardiac cycle equal to 1.13 ml/sec. How- 
ever, the blood flow pattern of the forward-flow 
component shown in Fig. 2 has a triangular con- 
figuration instead of a square wave. Then the peak 
systolic flow will be approximately twice the mean 
systolic flow, or 2 • 5.65 = 11.3 ml/sec. The Rey- 
nolds number computed for a peak systolic flow of 
11.3 ml/sec, blood density of 1.056 gm/ml, and a 
viscosity of 0.04 poise (or a kinematic viscosity of 
0.038) exceeds 2000 at a lumenal diameter of 0.36 
cm, where a stenotic velocity greater than 250 
cm/sec would occur (Fig. 3). During half of the 
systolic flow period, the Reynolds number would 
vary from 0 to 1000; during the other half, it would 
vary from 1000 to 2000. Moreover, if we consider 
the mean systolic flow of 5.65 ml/sec, the Reynolds 
number computed for these values exceeds 2000 at 
a lumenal diameter of 0.2 cm or less, where a 
velocity greater than 425 cm/sec would occur (Fig. 
3). In other words, for smaller than 0.36 cm 
lumenal diameters, the Reynolds number during 
systole will exceed 2000 at lower than 68 ml/min 
flow rates. The turbulence that develops would limit 
the systolic flow rate and flow volume. Then the 
required time-averaged flow rate over the cardiac 
cycle of 1.13 ml/sec must include some diastolic 
flow. A reduction in peripheral resistance permits 
the diastolic flow. 
Thus the theory predicts that lower-extremity 
vein grafts with systolic velocities exceeding 250 
cm/sec require diastolic flow greater than zero to 
sustain the mean flow rates required to supply the 
basic metabolic demands of the lower leg. 
Study group. PSVs and end-diastolic stenotic 
velocities were recorded from sites of focal infrain- 
guinal vein graft stenoses of 25 patients. These 
examinations were performed as part of a more 
complete natural history vein graft surveillance study, 
which was approved by the Human Subjects Insti- 
tutional Review Board of the University of Wash- 
ington. Recordings were obtained with a color-flow 
Doppler ultrasonic duplex scanner (Sonos 1500; 
Hewlett Packard, Andover, Mass.) with an examina- 
tion angle between the Doppler ultrasound beam and 
the flow jet of 60 degrees with a 7.5 or 5 MHz 
linear-array probe. The PSV versus the end-diastolic 
velocity was plotted on a scattergram. 
RESULTS 
Twenty vein grafts that had stenotic PSVs equal 
to or greater than 250 cm/sec had end-diastolic 
velocities of 50 cm/sec or greater (Fig. 4). Two grafts 
with PSVs of less than 250 cm/sec had diastolic 
velocities of zero. Only three grafts with PSVs 
between 256 and 300 cm/sec had no forward 
diastolic flow. None of 10 normal grafts with 
maximum PSVs of 80 to 150 cm/sec had forward 
diastolic flow. This difference (presence or absence of 
diastolic flow in grafts with PSVs -> 250 cm/sec vs 
grafts with PSVs <250 cm/sec) was statistically 
significant (p = 0.03, one-tailed Fisher's exact est). 
The characteristic spectral broadening pattern was 
noted at the poststenotic region in all stenotic grafts 
(Fig. 5). Ankle/brachial pressure index data were 
available in 20 grafts. A significant reduction in 
ankle/brachial pressure index ( > 0.15) compared 
with the previous visit, or development of recurrent 
symptoms (rest pain or ulceration) in the extremity 
with the graft, occurred in 16 patients. These grafts 
were revised. 
DISCUSSION 
Although Reynolds a depended on the disparit 3'
between the work of Darcy 4 and Poiseuille 5for his 
inspiration, Reynolds' experiments did not confirm 
the work ofDarcy. Darcy had stated that the pressure 
gradient in a tube increased by the square of the flow 
rate; Reynolds found that the relationship was 
P = m'Q 17s r n 'Q2 for smooth tubes and ap- 
proached the square relationship of Darcy only in 
tubes with wall roughness greater than 1% of the 
radius at Reynolds numbers greater than 1,000,000 
(m and n are constants). Such high Reynolds 
numbers are not encountered in the mammalian 
cardiovascular system. Normally turbulent flow de- 
velops during deceleration i  the proximal ascending 
aorta, where peak Reynolds numbers of 5700 to 
8900 have been measured in humans 12 and 7130 to 
9460 in horses la with hot film anemometer p obes. 
Limitations of theory. The experiments by 
Darcy, 4 Poiseuille, s and Reynolds a were performed 
under conditions of steady flow in tubes of uniform 
diameter. The pulsatile nature of arterial flow and the 
presence of stenoses alter the behavior of the flow. 
Acceleration i  both time and space tends to stabilize 
flow. Thus at the onset of systole during temporal 
acceleration of the flow, the onset of turbulence is 
expected at Reynolds numbers greater than 2000. In 
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Fig. 2. Veloci~, wavetbrms from normal femoral artery. Under resting conditions, *brward 
systolic flow lasts about 20% (one filth) of cardiac cycle. Pulse rate is 70 beats/min. 
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Fig. 3. Reynolds number and flow rate o11 diameter vcrsus velocit T. Critical Reynolds velocit3." 
curve (Reynolds number - 2000) is given for 0.6 cm diameter g aft considering viscosity, (0.04 
poise) and density (1.056 gm/ml) of blood. Flow-rate curves are for 11.a, 8.4, 5.6, and 2.8 
ml/sec; velocities at entrance of 0.6 cm diameter graft (calculated from flow-rate curvcs) are 80, 
60, 40, and 20 cm/scc. Velocity profile was assumed to be parabolic. Because nergy losses in 
turbulent flow are so large, increases in driving prcssurc during turbulent condition arc not 
expected to result in significant increases in arterial flow. 
the entry to a stenosis where spatial acceleration is 
present, the onset of  turbulence is also expected at 
Reynolds numbers greater than 2000. Deceleration 
in both time and space tends to destabilize flow. Thus 
at the end of  systole during temporal  deceleration, 
turbulence is expected at Reynolds numbers much 
less than 2000. In a sudden expansion distal to a 
stenosis, where spatial deceleration is expectcd, 
turbulence is expected at Reynolds numbers less than 
2000. 
In designing a streamlined stenosis, the prima U 
objective is to avoid the onset of  turbulence; there- 
fore the design of  the exit region is critical. A Venturi 
tube is specifically designed to have a gradual 
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Fig. 4. Stenotic PSV versus end-diastolic velocity in 25 lower extremity vein bypass grafts. 
Fig. 5. Stenotic vein graft with mosaic (turbulent) pattern in color-flow Doppler and spectral 
broadening. 
expansion distal to the stenosis to avoid turbulence 
and the associated high energy loss. Similarly, in the 
vascular system energy losses are influenced by the 
geometry of the stenosis; agradual tapering results in 
less energy loss than an irregular or abrupt change in 
lumenal size. 
In this analysis the Reynolds number has been 
applied to arterial flow during peak systole in the 
region of greatest stenosis at the moment and point 
when accelerations are absent. Although the model 
has been simplified greatly in many ways, the 
determination of a threshold peak systolic velocity of 
250 cm/sec, which separates greater stenoses that 
cannot supply adequate blood to the leg during 
systole, is conceptually useful. Such lesions must be 
associated with presence of forward diastolic flow. 
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Appl icat ion o f  theory.  One of  the key questions 
when evaluating an arterial stenosis is whether the 
stenosis is l imiting the arterial flow to the leg and foot 
at rest. In cases of  tandem lesions in which consid- 
eration is given to revising only one stenosis, 
determining which stenosis is flow limiting is o f  
greatest importance. 
The theory presented here suggests that any 
stenosis with a peak systolic velocity greater than 250 
cm/sec is associated with the presence of  diastolic 
flow and the stenosis is flow limiting. This value 
corresponds to a stenosis with a residual lumen o f  
0.36 cm in diameter. I f  the mean systolic velocity is 
taken into account, the residual lumenal diameter 
decreases to 0.2 cm, which is a 66% diameter- 
reducing stenosis of  a 0.6 cm diameter graft (Fig. 3). 
The theory also suggests that if the systolic velocity is 
less than 250 cm/sec and the diastolic velocity is zero, 
the stenosis is not flow limiting. Further, the theory 
suggests that if the stenotic systolic velocity is less 
than 250 cm/sec and diastolic velocity is greater than 
zero, there is an alternate flow-limiting condition; 
either (1) another flow-limiting focal stenosis or (2) 
the stenosis under study is long, resulting in a 
limiting viscous, Poiseuille-type, pressure drop. 
We have presented an analysis for stenotic lower 
extremity arterial conduits for legs at rest. However,  
with exercise the flow rate required by the lower 
extremity may increase by twofold or more, exceed- 
ing the 11.3 ml/sec systolic l imit for laminar flow, and 
the turbulent hreshold velocity level would decrease 
to less than 250 cm/sec, which corresponds to a 
residual diameter of  greater than 0.4 cm as shown in 
Fig. 3. During exercise and in the early postexercise 
period, the auscultation of  a bruit and the presence of  
flow during diastole is consistent with the turbulent 
threshold theory. 
The PSV value of  250 cm/sec has been reported 
as a critical value to identify lower extremity vein 
grafts at high risk for failure in clinical studies. 14 
Carter ~s has shown that a 80% diameter-reducing 
stenosis was "hemodynamical ly significant" for the 
reduction of  poststenotic systolic pressure in the leg, 
an observation that is also consistent with the 
turbulence theory presented here. 
The low-resistance renal and internal carotid 
arterial beds, which supply organs with high blood 
flow requirements, have constant forward diastolic 
flow. On the contrary, high-resistance vascular beds 
do not have forward diastolic flow under resting 
conditions. However,  once the metabolic demands 
increase, forward diastolic flow. appears. An example 
is the superior mesenteric artery, where a greater than 
50% increase in diastolic velocity occurs after eat- 
ing. 16 This also may be explained with the turbulent 
theory presented here. 
The suggestion is that a critical stenosis in lower- 
extremity arterial grafts is characterized by PSVs ex- 
ceeding 250 cm/sec and the presence of  diastolic flow 
can be tested on patients with tandem lesions, one of  
which meets these criteria. I f  revising only this steno- 
sis results in the disappearance of diastolic flow and 
restoration of  normal distal pressure, the suggestion 
is supported. In addition, if the stenosis has PSVs less 
than 250 cm/sec but the presence of  diastolic flow 
and alternate graft stenoses with PSV greater than 
250 cm/sec are revised, and distal pressures are re- 
stored, the theory is also supported. 
The theory presented here may have relevance to 
the opt imum hemodynamic perfbrmance of the 
infrainguinal vein bypasses with regard to the lume- 
nal diameter of  the graft, 19,2~ the blood flow require- 
ments of  the limb, 2~ and the onset of  turbulence. 
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